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ABSTRACT 

A major concern while conducting in vitro testing of volatile chemicals, such as halons or their 
alternatives, is loss of the test chemical during the course of experimental studies.  Imprecision in 
dosimetry confounds experimental results and prevents appropriate comparisons among various 
chemicals and exposure concentrations.  We designed a novel system for exposing cell cultures 
to volatiles and applied this technology to the toxicity evaluation of 20 halogenated aliphatics.
To rank these chemicals, we then derived a composite toxicity index based on six separate in
vitro toxicity assays.  Our results show the ability to rank a group of chemicals, based on an in
vitro toxicity index and the correlation of these results with published toxicity values.  This 
provides a means of discerning relative toxic potencies among groups of chemicals exposed 
under controlled dosimetry conditions and is especially useful for ranking volatile chemicals in 
materials development programs. 

INTRODUCTION

One major challenge in performing in vitro experiments with volatile compounds is maintaining 
a consistent concentration of the chemical.  Different engineering solutions have been developed 
to address this issue.  However, limitations of those systems make them impractical for many 
research applications [1-4].  Previously, researchers studying volatile organics have generally 
taken one of two approaches.  The more common approach is to use a sealable culture vessel, 
such as a flask, into which the chemical is added to the media and then the vessel is sealed for 
the duration of the exposure [2,4].  A drawback of that system is the significant potential for 
inter-sample variation.  Another drawback is the inability to work with cell culture plates. 

A second approach is to use a larger-sized incubator, with a flow through or static renewal 
system to maintain a specific vapor concentration of the test article [3].  A primary problem with 
this system is that the amount of chemical and headspace far exceeds what is necessary to 
perform a reasonably sized experiment (e.g. five plates per dose).  In addition, no specific 
engineering controls addressing the release of test chemicals into the laboratory workspace. 

A third, and more complex system, involves the use of a system of culture vessels connected by 
plastic tubing.  The exposure atmosphere is pumped into each of the individual vessels [1].  The 



major problem with this system is that volatile organics readily partition into plastics.  The 
results of the system performance, presented by the designers, also shows significant loss of test 
chemical from the dosing atmosphere during the exposure period. 

In response to these challenges, we developed a novel system, the VITROBOXTM.  This system
is a rectangular, glass chamber.  On one end of the chamber is a removable face plate.  The face 
plate has three holes, roughly evenly spaced and centered.  Two of the holes are for inlet and 
outlet port; the third is a sampling port.  Thus, we have an isolated system into which vapor of a 
specific concentration can be forced.  By having a closed system, loss of chemical due to 
volatilization is inhibited.  Our system allows for static or flow-through dosing methodologies,
with ports for sampling of both the headspace and media.

The goal of this study was to expose primary rat hepatocytes to a series of halogenated aliphatics 
using the novel VITROBOXTM technology and then measure various in vitro assay endpoints for 
the purpose of ranking the relative toxicities of that set of chemicals.  For a number of chemicals
in this test set, oxidative stress is implicated as part of their toxic mechanisms in vitro and in vivo
[5].  However, oxidative stress can affect numerous toxicity endpoints and cannot be defined by 
measurement of a single biomarker, e.g., lipid peroxidation.  We performed assays for 
mitochondrial function, reactive oxygen species, protein thiols, lipid peroxidation, enzyme
leakage, and the catalase enzyme.  To make use of these multiple in vitro assays for ranking 
purposes, a composite score was derived. 

The development of a composite score is similar to the approach used in environmental
toxicology analysis, the index of biological integrity (IBI) [6].  Although quite common in 
ecological circles, such composite scores are not often used in mammalian or human toxicology.
In the case where relative rankings of chemicals is the goal, they have the potential to be a useful 
tool.  For instance, in materials development, a group of chemicals may be synthesized and 
identified as potential replacements for a current commercial chemical.  The challenge posed by 
engineers to toxicologists is simply to identify which chemicals in the group are less toxic than 
the chemical currently fielded for that application.  Utilization of composite ranking scores
allows for the reduction of dimensionality obtained from multiple toxicity assays and yields a 
single factor (score) upon which all chemicals tested can be compared.

MATERIALS AND METHODS

The VITROBOX

This exposure system is based on a glass chamber with a glass face plate (Figure 1).  Three holes 
were drilled into the face plate.  Stainless steel bulkhead vacuum fittings were epoxied into each
of the three holes.  Individual specially-fabricated stainless steel braces (three per face plate) 
were epoxied onto the outside of the face plate.  They were angled and off-set to prevent
interference with the braces of another chamber set on top of it.  Specially-fabricated stainless 
steel supports were epoxied to the box, front and back, top and bottom.  These supports were 
located for interlocking when chambers were placed on top of one another.  Quarter-turn paddle-
head screws were used to secure the face plate through the braces into the chamber supports. 
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FIGURE 1.  The VITROBOX .  Major parts described. 

Hepatocyte Preparation and Culturing 

Male Fischer 344 rat livers were perfused, and hepatocytes isolated and enriched as previously 
described [7] with the following modifications.  Perfusion media (pH 7.2) contained 15 mM 4-
(2-hydroxyethyl)-1-piperazineethane-sulfonic acid (HEPES), heparin (2.0 U/mL) and ethylene-
bis(oxyethylenenitrilo)-tetraacetic acid (EGTA; 0.5 mM).  Digestion perfusion media (200 mL)
contained 0.5 mg/L collagenase. Cells (1 x 106/mL) were seeded onto six-well plates.  After 4 h 
of incubation in a 37°C CO2 incubator, cells were given fresh Chee's culture medium and 
incubated for an additional 20 h. 

Chemical Dosing

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), except for C2Cl4 and 
C2HCl3, which were purchased from Fisher Scientific (Pittsburgh, PA, USA).  The test chemicals
are shown in Table 1.  On the day prior to volatile chemical exposures, two primary tasks were 
accomplished.  First, the VITROBOX  chambers were placed into a 37°C incubator overnight 
to allow them pre-heat.  Second, Tedlar (Teflon) bags (one per dose) were loaded with air, CO2,
and a small amount of water.  The bag preparation provided a final composition of 95% air/5% 
CO2 and ~80%  relative humidity for the VITROBOX™ following dosing.  One hour before 
chemical exposures were to take place, the appropriate amount of chemical was placed into the 
Tedlar bag and the bag was placed back into the 37°C incubator.

3



TABLE 1. TEST CHEMICALS 
Formula CAS # Purity/Grade

CCl4 56-23-5 99.9%
CBr4 558-13-4 99%

CHBrCl2 75-27-4 98+%
CHBr2Cl 124-48-1 98%
CBr2Cl2 594-18-3 95%
CBrCl3 75-62-7 99%
CH2Br2 74-95-3 99%
CHCl3 67-66-3 99%
C2Cl4 127-18-4 Certified Reagent

C2HCl3 79-01-6 99.5%
1,2-C2H4Cl2 107-06-2 99.8%

1,1,1-C2H3Cl3 71-55-6 99%
1,1,2-C2H3Cl3 79-00-5 97%
1,1,2-C2H3Br3 78-74-0 99%

1,1,2,2-C2H2Cl4 79-34-5 98+%
CH2Cl2 75-09-2 99.9%
CHBr3 75-25-2 99+%

CH2BrCl 74-97-5 99%
1,2-C2H4BrCl 107-04-0 98%
1,2-C2H4Br2 106-93-4 99%

Immediately prior to chamber loading, the test chemicals were diluted in Chee's medium.  The 
dosing process was begun by replacing the existing cell culture media with the chemical dosing
media.  One VITROBOX™ was then removed from the incubator.  Culture plates were placed 
into the chamber without their culture plate lids and the chamber was closed.  For each chemical
dose a separate chamber was used.  The chemical dosing bag was attached by flexible tubing to 
the dosing port on the face plate of the chamber.  Next, tubing with an empty capture bag was 
attached to the chamber face plate (Figure 2). 

Once the bags were in place, the dosing atmosphere was infused into the chamber.  Then the 
bags were detached from each port and the ports were sealed with fittings containing Teflon 
septa.  The use of standard vacuum fittings on the face plate allows the user to attach additional
instruments or equipment to the VITROBOX™.  For example, a flow-through dosing protocol 
could be employed, instead of the static dosing put forth in this study.  This enables the user to 
dose with different chemicals for different periods of time, without having to open the chamber.
If desired, the headspace can be sampled for gas chromatographic analysis using a gas-tight 
syringes (Figure 2). 

For all experiments, cells were exposed to the chemicals for 4 h, then removed from the 
chambers and prepared for analysis.  The design of the VITROBOX™ allows up to four 
chambers to be stacked in a standard-sized laboratory cell culture incubator.  Since the chambers
are small enough, they are placed into a fume hood when the face plates are removed at the end 
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of the experiment to access the cell culture plates, preventing exposure of personnel to the test 
chemical.

Each chamber is designed such that it can hold up to five standard-sized microwell plates (i.e. 6-, 
24-, 48- or 96-well format).  As an alternative, flat-bottomed culture flasks, petri dishes, 
chambered microscope slides or any of a variety of other vessels can be used. 

Toxicity Assays 

The measurement of the intracellular reduction of the tetrazolium salt (MTT) to blue formazan
was performed following the method of Mossman [8].  The EC50MTT was calculated as the dose 
that would result in a 50% decrease in colorimetric absorbance of the MTT product versus that in 
the control samples.  Lactate dehydrogenase (LDH) enzyme leakage was measured by 
spectrophotometric analysis using the method of Sattar et al. [9].  The EC50LDH was calculated 
as the dose that would result in a 50% leakage of LDH into the media.  Catalase enzyme activity 
was determined using the method of Aebi [10].  The enzymatic activity was expressed in 
umol/min per mg of protein.  The LECCAT was the lowest effective concentration (LEC) to cause
a significant decrease in catalase activity versus that in the control samples.

VITROBOX

Dosing bag
Capture bag

Sampling
syringe

FIGURE 2.  System Set-up for Dosing the VITROBOX .  Panel A, 
Schematic of system set up for dosing experiment.
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Malondialdehyde was measured as an indicator of lipid peroxidation (LP) using the method of 
Yokoyama et al. [11].  The LECLP was determined as the lowest effective chemical
concentration to cause an increase in the level of LP in hepatocytes above that measured in the 
control cells.  Protein thiol (SH) groups were determined by the method of Sedlak and Lindsay 
[12].  The EC20SH was the lowest effective chemical concentration to cause a 20% decrease in 
the level of total thiols in hepatocytes versus that measured in the control cells.  Reactive oxygen 
species (ROS) generation was assayed using the method of Wang and Joseph [13].  The ROS 
assay was measured in fluorescent units and expressed as a percent of that measured in the 
control cell samples.  The LECROS was determined as the lowest effective chemical
concentration to cause an increase in the level of ROS in hepatocytes above that measured in the 
control cells. 

Composite Toxicity Score (CTS)
For each of the toxicity endpoints (MTT, LDH, ROS, SH, CAT and LP), the chemicals were 
ranked in the order of lowest to highest effective concentration.  The chemical with the lowest 
effective concentration in each assay was given a rank of 1 (most toxic).  The chemical with the 
highest effective concentration, meaning lowest toxicity, was given a rank of 20.  In this fashion, 
for each of the six assays, all chemicals were ranked from 1 to 20.  Following the within-
endpoint ranking, the ranks for all six tests were summed for each chemical. Once the CTS was 
derived, the chemicals were once again ranked based on their respective CTS.

RESULTS AND DISCUSSION 

The VITROBOX™ 

The use of this chamber allowed for the exposure of multiple culture vessels to the same dosing 
conditions.  The construction of the box is appropriate for utilization of different types of cell 
culturing vessels.  Given the size of the VITROBOX™, multiple units can be stacked in a 
standard size incubator.  The dosing atmosphere and medium may be sampled while the cultures 
are sealed in the chamber.

Cytotoxicity

Oxidative stress is involved in toxicity induced by a number of chemicals.  Halogenated aliphatic 
hydrocarbons (HAHs), e.g., carbon tetrachloride, are among a group of chemicals that have been 
shown to induce oxidative stress [5].  Table 2 shows the results from one of the cytotoxicity
assays, MTT.  These toxicity values, as well as those for the other five toxicity assays, were used 
to develop cytotoxicity scores (CTS) for each of the chemicals.  The results of the CTS ranking 
are shown in Table 3.  Some relationships among the chemical structures can be identified based 
on their ranking by CTS. 
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TABLE 2. CHEMICAL TOXICITY RESULTS FOR MTT ASSAY 
CHEMICAL EC50MTT (mM)

CCl4 0.78
CHCl3 1.20
CH2Cl2 32.00
CBr4 0.18

CHBr3 0.60
CH2Br2 6.40

CH2BrCl 127.00
CHBr2Cl 0.56
CBr2Cl2 0.30
CHBrCl2 2.20
CBrCl3 0.97
C2Cl3H 1.05

1,1,2-C2H3Cl3 2.54
1,2-C2H4BrCl 0.49
1,2-C2H4Br2 0.31
1,2-C2H4Cl2 4.37

1,1,2,2-C2H2Cl4 1.73
1,1,1-C2H3Cl3 0.23
1,1,2-C2H3Br3 0.38

C2Cl4 0.19

TABLE 3. RESULTS OF CTS RANKING OF TEST CHEMICALS
RANK CHEMICAL

1 CBr4
2 1,1,1-C2H3Cl3
3 CBr2Cl2
4 CCl4
5 1,1,2-C2H3Br3
6 1,2-C2H4Br2
7 CHBr3
8 C2Cl4
9 CHBr2Cl
10 C2Cl3H
11 1,2-C2H4BrCl
12 CBrCl3
13 1,1,2,2-C2H2Cl4
14 CHBrCl2
15 1,1,2-C2H3Cl3
16 CHCl3
17 CH2Br2
18 1,2-C2H4Cl2
19 CH2Cl2
20 CH2BrCl
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1) In pair-wise comparisons, where methanes contained the same number of halogens and one 
member of the pair contained n chlorines (Cln) and the other had Cln-1 and a single Br (e.g. 
CH2Cl2 and CH2BrCl; CHCl3 and CHBrCl2), chemicals in these pairs ranked closely.

2) In the cases where the difference between the methanes or ethanes was the number of an 
individual halogen, as the number of halogens increased, so did the toxicity. 

3) In all cases of methanes or ethanes that had either a Cl or a Br and where each of these six 
chemicals had the same number of halogens, the chemicals that contained only Br had higher 
toxicities than the ones with only Cl. 

4) The four most toxic chemicals included three fully halogenated methanes along with an ethane 
with a fully halogenated carbon. 

One of the most drastic differences between the toxicity values of apparently "similar" chemicals
is between 1,1,1-C2H3Cl3 and 1,1,2-C2H3Cl3.  The toxicity of 1,1,1-C2H3Cl3, as indicated by the 
EC and LEC values, was up to 10 times greater than the similar indices of 1,1,2-C2H3Cl3.  This 
points to the importance of the positioning of a halogen over absolute halogen number in a two-
carbon halogenated hydrocarbon. 

Our toxicity results are in line with other published studies.  However, since this study was more
comprehensive in the number of toxicity endpoints and chemicals, it is difficult to fully compare
the results of the present study to earlier studies.  Some differences among the studies can be 
explained.  One previous study considered a number (n > 50) of halogenated aliphatics based on 
toxicity endpoints measured in rat liver microsomes [14].  For the one endpoint, lipid 
peroxidation, only six of the chemicals in their study produced measurable effects.  As expected, 
the actual toxicity values for lipid peroxidation in our hepatocyte system differed from those 
derived in their microsome study.  For example, in this study the LECLP for CCl4 was 0.78 mM,
whereas in the microsomal study, the related endpoint was seen at 3.11 mM.  There are various 
reasons for differences between microsomes and hepatocytes for the lipid peroxidation endpoint.
The microsomes are isolated enzyme systems, so studies are not confounded by issues of cellular 
membrane transport kinetics, as would be the case for hepatocytes.  Microsomes also do not have 
the full complement of antioxidant defenses, as do whole cells.  Microsomes may be useful for 
isolating metabolic contribution, but are not likely to be appropriate for determining oxidative 
stress in whole cells.  The bioactivation of halogenated aliphatics by P450 enzymes in the liver 
plays a prominent role in their cellular toxicity [15].  However, when comparing our cytotoxicity 
results (namely MTT) with another study that utilized HeLa cells [16], there is some agreement
among the data.  The EC50MTT values in our study for CCl4 and CHCl3 are 0.78 and 1.20 mM,
respectively.  In the Eriksson et al. [16], HeLa cells were exposed to the test chemicals for 30 
min and then incubated for an additional 72 h and resulted in values of 1.00 and 5.00 mM for 
EC50MTT, respectively. 

An early study [17] of some halogenated compounds in primary rat hepatocytes provided a 
comparison for three chemicals in our study.  Chang et al. [17] used 24 h exposures in small
closed flasks and dissolved the chemicals first in a "vehicle" before treatment.  Their results
showed that the toxicity was similar to that observed here, 1,2-C2H4Br2 > 1,2-C2H4Cl2 > CHCl3.
The Suzuki et al. [2] study assessed the effects of a 10 mM dose with a number of halogenated 
chemicals in a primary rat hepatocyte system by measuring LDH and LP.  Numerous procedural 
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differences with the present study include: pre-exposure culture time of 2 d (versus 1 d for the 
present study); 2 h chemical exposure period (vs. 4 h); vehicle used to dissolve test chemicals
(vs. no vehicle); and a lack of dose-response data.  Nonetheless, the ranking was similar to ours 
for the following chemicals in the LDH and LP assays: CCl4  1,1,1-C2H3Cl3 > C2C4 > C2HCl3 > 
1,1,2-C2H3Cl3 > CHCl3.  However, none of the LEC/EC values for these chemicals determined in 
the present study were 10 mM or greater. 

CONCLUSIONS AND FUTURE WORK 

The VITROBOXTM is an effective system for in vitro exposures using volatile chemicals.
Quantitative comparisons can be made between volatile chemicals tested in a cellular system.
The engineering solutions addressed by this system are unmatched in any other commercially-
available product.  Its flexibility supports application to a wide variety of cell culture
methodologies and formats.  Likewise, its versatility would support the development of new in
vitro testing approaches and is not limited to hepatotoxicity.  In particular, an in vitro method for 
cardiac sensitization of volatile chemicals would benefit from this type of exposure control.
Necessary validation would have to be performed, but the capability provided by this system is 
unmatched.  This exposure system provides a mechanism that enhances confidence and accuracy 
in headspace and dosing chemical concentrations.  The ability to process multiple samples for
determining various endpoints from a single experiment supports the development of composite
toxicity scores.  As shown here, the CTS is a useful and accurate assessment of the relative
toxicity within a group of chemicals.  Further extension of the work presented here would 
involve correlation of dose levels in vitro with estimated or measured occupational exposure 
levels and target organ doses. 
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